[1] We apply an innovative approach to time series data of surface chlorophyll from satellite observations with SeaWiFS (Sea-viewing Wide Field-of-view Sensor) to estimate the primary production associated with three major phytoplankton classes (micro-, nano-, and picophytoplankton) within the world's oceans. Statistical relationships, determined from an extensive in situ database of phytoplankton pigments, are used to infer classspecific vertical profiles of chlorophyll a concentration from satellite-derived surface chlorophyll a. This information is combined with a primary production model and classspecific photophysiological parameters to compute global seasonal fields of class-specific primary production over a 10-year period from January 1998 through December 2007. Microphytoplankton (mostly diatoms) appear as a major contributor to total primary production in coastal upwelling systems (70%) and temperate and subpolar regions (50%) during the spring-summer season. The contribution of picophytoplankton (e.g., prokaryotes) reaches maximum values (45%) in subtropical oligotrophic gyres. Nanophytoplankton (e.g., prymnesiophytes) provide a ubiquitous, substantial contribution (30-60%). Annual global estimates of class-specific primary production amount to 15 Gt C yr −1 (32% of total), 20 Gt C yr −1 (44%) and 11 Gt C yr −1 (24%) for micro-, nano-, and picophytoplankton, respectively. The analysis of interannual variations revealed large anomalies in class-specific primary production as compared to the 10-year mean cycle in both the productive North Atlantic basin and the more stable equatorial Pacific upwelling. Microphytoplankton show the largest range of variability of the three phytoplankton classes on seasonal and interannual time scales. Our results contribute to an understanding and quantification of carbon cycle in the ocean.
Introduction
[2] Our understanding of oceanic biogeochemical cycles has benefited greatly from the recent advent of ocean color remote sensing. In particular, estimating marine primary production at the global scale represents one of the main applications of ocean color [e.g., McClain, 2009] . Such estimates rely on primary production models, which vary in formulation and complexity, but are largely based on the same theoretical background [Bidigare et al., 1992; Behrenfeld and Falkowski, 1997a] . Typically, primary production models require, as input parameters, the photosynthetically available radiation (PAR), an estimate of phytoplankton biomass (the concentration of chlorophyll a, Chl, or phytoplankton carbon), and a yield function that describes the phytoplankton photophysiological response to PAR. Combined with satellite-derived data of surface Chl (Chl surf ), primary production models enabled major achievements, including the quantification of global primary production [e.g., Longhurst et al., 1995; Behrenfeld and Falkowski, 1997b; Westberry et al., 2008] and the study of primary production variability on different spatiotemporal scales [e.g., Bosc et al., 2004; Behrenfeld et al., 2006] . Such applications have, however, focused so far only on the production associated with the entire phytoplankton assemblage, which does not resolve the effects of community composition on biogeochemical fluxes.
[3] The taxonomic and size structure of phytoplankton communities influence many biogeochemical processes, especially by regulating the photosynthetic efficiency of carbon fixation, the transfer of organic matter to higher trophic levels, and its export to the deep ocean through sinking [Margalef, 1965; Kiørboe, 1993; Guidi et al., 2010] . For example, microphytoplankton (primarily diatoms) are considered to be responsible for new (i.e., nitrate-based) primary production and for contributing substantially to carbon export [Eppley and Peterson, 1979; Michaels and Silver, 1988; Goldman, 1993] . Thus, it has been recognized that accounting for phytoplankton community structure is of crucial importance to improve our understanding and modeling of oceanic biogeochemical cycles [Aumont et al., 2003; Le Quéré et al., 2005; Hood et al., 2006] .
[4] The development of algorithms for discriminating distinct groups of phytoplankton (species, taxa, or size classes) from ocean color remote sensing has become an area of active research [e.g., Sathyendranath et al., 2004; Alvain et al., 2005; Ciotti and Bricaud, 2006; Uitz et al., 2006; Hirata et al., 2008] . Although important and valuable, information retrieved from these algorithms does not allow a direct quantification of the impact of each phytoplankton group on the biological pump, and hence is limited for biogeochemical interpretation. The next desired advancement in research is to estimate the primary production associated with distinct groups forming the entire primary producer community. Only a few recent studies have focused on group-specific primary production modeling and were dedicated to regional applications [Claustre et al., 2005; Kameda and Ishizaka, 2005; Hirata et al., 2010] .
[5] Estimating phytoplankton group-specific primary production may be done by combining ocean color-based primary production modeling with algorithms for detecting phytoplankton groups. In order to implement such an approach, two requirements need to be fulfilled. First, primary production models apply to Chl within the entire water column, rather than just the surface layer "seen" by remote sensing. Hence, vertical profiles of Chl specific to each group under consideration are required. Second, one needs to identify group-specific photophysiological properties. The algal photophysiological response is recognized to be dependent on the taxonomic composition and size structure Bouman et al., 2005; Cermeño et al., 2005; Uitz et al., 2008] , so that using a single set of photophysiological properties regardless of the phytoplankton group would be inappropriate.
[6] Uitz et al. [2006] developed an approach for estimating the contributions of three pigment-based size classes (micro-, nano-, and picophytoplankton) to depth-resolved Chl using Chl surf as input information. This approach can be combined with the class-specific photophysiological properties from Uitz et al. [2008] , and used as input to a primary production model to estimate the primary production associated with each phytoplankton size class.
[7] In this study, we apply the phytoplankton classspecific approach to the 10-year, global time series of SeaWiFS (Sea-viewing Wide Field-of-view Sensor) ocean color measurements to assess the contribution of the three phytoplankton classes to primary production within the world's open oceans. In addition to providing first satellitebased global estimates of class-specific primary production, this analysis enables the identification of seasonal and interannual patterns in the relative contribution of the different phytoplankton classes to total primary production.
Data and Methods

Primary Production Modeling
[8] The primary production model used in this study is the bio-optical model of Morel [1991] . The model relies on equation (1), which describes the mass of organic carbon photosynthetically fixed per unit water volume and time in terms of primary production rate (g C m −3 s −1 ) occurring locally at a depth z and time instant t: P z; t; ð Þ¼12 Chlðz; tÞ a*ðz; t; ÞPARðz; t; ÞF c ðz; t; Þ ð1Þ
where Chl is in mg m −3 , a* is the chlorophyll-specific absorption coefficient in units of m 2 (mg Chl) −1 , PAR is in mol quanta m −2 s −1 , and F c is the irradiance-dependent quantum yield of carbon fixation in mol C (mol quanta)
. This model accounts for two main processes of photosynthesis, the absorption of radiant energy by algal pigments and its subsequent transformation into photosynthetic assimilate . The factor 12 enables the conversion of moles into grams of carbon. The integration of equation (1) with respect to l, t, and z yields the desired quantity of daily primary production integrated vertically over the productive layer (P, g C m −2 d −1 ). The depth of this layer is defined as 1.5 times the euphotic depth, Z eu , where Z eu is at the 1% level of surface PAR.
[9] We apply this model at the phytoplankton classspecific level in order to compute the primary production associated with micro-(P micro ), nano-(P nano ), and picophytoplankton (P pico ). The total primary production (P tot ), attributed to the whole algal biomass, is defined as the sum of the contributions of each class. The model requires the following inputs: the satellite-derived Chl surf and surface PAR, and the phytoplankton class-specific vertical profiles of Chl and photophysiological properties. The procedure used to derive these input variables is described in the following sections.
SeaWiFS Data
[10] We used monthly Level-3 GAC (Global Area Coverage) SeaWiFS data of Chl surf and surface PAR for the period from January 1998 through December 2007. Data were downloaded from the NASA Ocean Color website (http://oceancolor.gsfc.nasa.gov/). In order to keep the computing time at a reasonable level, the spatial resolution of images (1/12°× 1/12°at equator) has been reduced by binning the original pixels to form macro-pixels of resolution 1°× 1°. The spatial (1°× 1°) and temporal (one month) resolution of the input SeaWiFs images and computed primary production maps allow addressing global and basinscale, as well as seasonal and interannual, patterns.
[11] As described in previous work [Uitz et al., 2006 , the phytoplankton class-specific approach was established using data sets collected in open ocean case-1 waters exclusively, and is thus applicable only to such environments. Therefore, pixels from coastal areas (i.e., bathymetry <200 m), large lakes, and inland seas were disregarded in this analysis. This represents 3% of the surface area of the global ocean (Figure 1 ). In addition, some areas are inaccessible to satellite observations due to cloud cover, low sun angle, sea ice, and lack of daylight. This is particularly true for high latitude (>50°) regions during winter months. As a result, the present analysis accounts for 82-95% of the surface area of the global ocean with maximum data coverage in spring and minimum in winter of each hemisphere.
Phytoplankton Class-Specific Chlorophyll
[12] Using an extensive pigment database obtained from high performance liquid chromatography (HPLC) analyses of water samples from a variety of oceanic regions, Uitz et al. [2006] proposed a method for deriving Chl vertical profiles associated with three pigment-based size classes (micro-, nano-, and picophytoplankton) from Chl surf . Seven diagnostic pigments were selected as biomarkers of specific taxa. These taxa were then assigned to one of the three size classes (Table 1 [Vidussi et al., 2001; Uitz et al., 2006] . For example, certain diagnostic pigments may be shared by various phytoplankton taxonomic groups, and some groups may have a wide range of cell size. Nevertheless, this approach has proven to be robust for large and global scale applications [Uitz et al., 2006; Ras et al., 2008] as it is indeed the case that microphytoplankton primarily include diatoms, nanophytoplankton prymnesiophytes, and picophytoplankton prokaryotic species. This approach thus provides valuable information pertaining to the taxonomic composition and size structure of phytoplankton communities Uitz et al., 2009] .
[13] Phytoplankton class-specific Chl vertical profiles were inferred, on a pixel-by-pixel basis, from SeaWiFSderived Chl surf data as detailed by Uitz et al. [2006] . In brief, the method requires determining whether the water column associated with each pixel is stratified or mixed. For this purpose, Z eu was computed from Chl surf (using Uitz et al. [2006, equation 8] and Morel and Maritorena [2001, equation 6] ) and compared to the mixed layer depth (Z m ) extracted from the monthly climatology of de Boyer Montégut et al. [2004] . For stratified waters, Chl surf was used to produce dimensionless (with respect to depth and biomass) profiles of class-specific Chl, which were converted to physical units by multiplying depths by Z eu , and by multiplying dimensionless "concentrations" by the mean total (i.e., micro-+ nano-+ pico-) Chl within the euphotic layer. In the case of mixed layer conditions, the proportion of each phytoplankton class at the surface was derived from, and multiplied by, Chl surf . This surface data product was extrapolated throughout the water column to generate uniform vertical profiles.
Phytoplankton Class-Specific Photophysiological Properties
[14] We use the vertical profiles of class-specific photophysiological properties that were proposed by Uitz et al. [2008] . They investigated relationships between phytoplankton photophysiology and community composition. This was done by analyzing a large database comprising HPLC-determined pigment concentrations, spectra of phytoplankton absorption coefficient, and photosynthesisirradiance curve parameters, collected in various open ocean waters. An empirical model was proposed, which describes the dependence of algal photophysiological response on the community composition and irradiance within the water column, essentially reflecting photoacclimation. The appli- Figure 1 . Monthly mean distribution of surface areas for (i) the global ocean, (ii) the global ocean excluding coastal areas with depths <200 m, large lakes, and inland seas, and (iii) the ocean areas accounted for in the present analysis (i.e., pixels for which a satellite-derived Chl surf value was available). The left axis shows the surface area in absolute values (10 6 km 2 ), and the right axis shows the percent surface area relative to the surface area of the global ocean (%). 
Chlorophytes, Prochlorophytes cation of the model to the in situ data set enabled the identification of depth-dependent photophysiological properties for each of the three pigment-based size classes.
[15] Although the database supporting the study of Uitz et al. [2008] was comprehensive in terms of covering differing trophic regimes, it consists of data collected only in tropical, subtropical, and temperate oceanic waters. Nevertheless, previous applications yielded reasonable estimates of class-specific primary production in two contrasted regions not included in the database, the Benguela upwelling system [Silió-Calzada et al., 2008] and the Kerguelen Island region in the Southern Ocean . Therefore, before an expanded database of relationships between the community composition and photophysiological parameters becomes available, the use of the Uitz et al. [2008] analysis appears reasonable for the world's open oceans with due caution.
[16] Additional information about the primary production model and the photophysiological properties can be found in Text S1. 
Climatology Calculations
[17] Global climatological seasonal maps of total and class-specific primary production were produced by averaging monthly values of each season over the 10-year SeaWiFS time series on a pixel-by-pixel basis. Months were grouped into seasons as follows: December-February for boreal winter/austral summer; March-May for boreal spring/austral fall; June-August for boreal summer/austral winter; September-November for boreal fall/austral spring. The global seasonal climatology is also presented as zonal median (less sensitive to outliers than the mean), in order to illustrate the variations in total and class-specific primary production as a function of latitude and season.
Results and Discussion
Climatology of Total and Class-Specific Primary Production
[18] In this section, we first briefly describe the spatioseasonal distribution of total primary production, and then focus on the role of each phytoplankton class in determining this distribution.
Overview of the Distribution
[19] Figures 2 and 3 show the maps of total primary production, P tot , obtained for the December-February and June-August seasons, respectively. These maps reveal typical regional and basin-scale patterns. Temperate and subpolar latitudes within each hemisphere exhibit high P tot values in summer, most notably in the North Atlantic (>1 g C m −2 d −1 ). These latitudes also show strong seasonality in P tot (Figure 4a ). At high latitudes >50°N and >40°S, the total primary production gradually increases from winter to summer, and then decreases from summer to winter, reflecting seasonal changes in light and nutrient availability. The seasonal pattern is reduced in the southern hemisphere as compared to the northern one, due to the lower magnitude of spring-summer phytoplankton blooms. In contrast, oligotrophic subtropical gyres are typically associated with low P tot values (0.3 g C m −2 d −1 ) and show weak seasonality. The highest primary production rates are found in near-coastal regions, such as the major upwelling systems off western African and American coasts, where cold nutrient-rich waters rise to the surface and fuel phytoplankton growth (P tot occasionally reaches 3 g C m
The distribution of microphytoplankton production mostly mimics that of total primary production (Figures 2b-2c, 3b-3c, and 4b), which suggests that this class is responsible for most P tot variations. Microphytoplankton appear as a major contributor to total primary production in temperate and subpolar latitudes in spring-summer, especially in the North Atlantic (>50%) and in the Southern Ocean (30-50%). Their contribution reaches a maximum of about 70% in coastal upwelling systems year-round, with P micro rates of up to 1 g C m
It is also significant within the equatorial divergence (about 30% with P micro of 0.1 g C m −2 d −1 ), but is reduced drastically in subtropical gyres. The minimum P micro rate (0.025 g C m −2 d −1 or 15% of P tot ) is found under extreme oligotrophic conditions encountered in the center of the South Pacific Subtropical Gyre in austral summer.
[21] Nanophytoplankton (Figures 2d-2e, 3d-3e, and 4c) appear ubiquitous and account consistently for a significant fraction of primary production, both in terms of absolute (0.07-1 g C m −2 d −1 ) and relative contribution (30-60%). The highest P nano values are observed at high latitudes, most notably in the Southern Ocean where they dominate seasonal blooms.
[22] Picophytoplankton production (Figures 2f-2g, 3f-3g, and 4d) shows consistently low values (<0.15 g C m −2 d −1 ) regardless of the area, but nevertheless represents up to 40-45% of total production in oligotrophic subtropical waters. The relative contribution of picophytoplankton decreases to its minimum (15%) in the northernmost latitudes in summer, when P pico is among its highest levels (0.1 g C m
The coefficient of variation, defined as the ratio of the standard deviation to the mean value calculated over the entire time series, illustrates the temporal variability of class-specific primary production ( Figure 5) . Although calculated over the entire time series, the coefficients of variation are strongly driven by the seasonal cycle. The spatial distribution of the coefficient of variation follows the well-known trend of highly dynamic temperate and subpolar latitudes and significantly less variable equatorial and subtropical areas. These trends have been already reported for global estimates of total primary production [Behrenfeld et al., 2005; Lutz et al., 2007] . Microphytoplankton show maximum coefficients of variation poleward of 40°latitude in the North Atlantic and Pacific, as well as in the Atlantic and Indian sectors of the Southern Ocean ( Figure 5a ). P micro also exhibits some degree of variability along the equator and within fairly stable subtropical gyres. Nano-and picophytoplankton show maximum coefficients of variation in the Southern Ocean and in the temperate and subpolar North Atlantic, and minimum values within the intertropical band (Figures 5b-5c ). Microphytoplankton clearly exhibit the largest temporal dynamics of the three phytoplankton classes. For example, at latitude 50°N in the North Atlantic, maximum coefficients are 1.2, 0.5 and 0.4 for P micro , P nano , and P pico , respectively.
Relation to Environmental Conditions
[24] The above-described patterns reflect the generally acknowledged distribution of phytoplankton groups in the world's oceans. Microphytoplankton, primarily diatoms, are known to develop preferentially in dynamic environments where light and fresh nutrients are available [Malone, 1980; Goldman, 1993] . This is especially the case in coastal [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] of total and phytoplankton class-specific primary production for the December-February period (boreal winter/austral summer). The left-hand panels show the primary production in absolute units of g C m −2 d −1 , and the right-hand panels show the percent contribution of class-specific production to total primary production.
upwelling systems where nutrients are supplied with high frequency pulses, and in high latitudes areas (in spring or summer) where nutrients are replenished through vigorous winter mixing. Diatoms rapidly benefit from these growthfavorable conditions and outcompete other phytoplankton groups to form prominent blooms [Falkowski et al., 2004] . In our photophysiological model, microphytoplankton are indeed more efficient in photosynthesis than other groups Cermeño et al., 2005; Claustre et al., 2005; Uitz et al., 2008] .
[25] The reduced seasonality observed in the southern hemisphere is associated with a dominance of nanophytoplankton during the growth season. This feature primarily results from the high Chl biomass associated with nanophytoplankton in moderate bloom conditions and mixed southern waters [Uitz et al., 2006] . This effect is further accentuated by the class-specific photoacclimation properties. The nanophytoplankton class is characterized by a large coefficient of light utilization (i.e., the slope of the so-called photosynthesis versus irradiance curve), which enables efficient growth in light-limited conditions . The environmental factors, including iron limitation or strong vertical mixing with subsequent relatively low light regime, explain these patterns [Mitchell et al., 1991; Martin et al., 1991; Boyd, 2002] . Large diatoms are recognized to be severely limited by iron availability [Boyd, 2002] and, although adapted to dynamic environments, require a period of stability to actually thrive [Cailliau et al., 1997; Goffart et al., 2000] . In contrast, certain nanoplankton organisms, like Phaeocystis spp., are known to be well adapted to turbulent light-limited conditions and form large summer blooms at high southern latitudes [Boyd, 2002; Schoemann et al., 2005] . [26] Another asymmetry can be observed between the North Atlantic and the North Pacific Oceans. Microphytoplankton production shows a reduced contribution to production in the subarctic Pacific, especially in the eastern part of the basin (Figure 3c ). This feature has been observed for both Chl biomass and primary production and is commonly attributed to diatoms growing under iron limitation [Miller et al., 1991; Harrison et al., 1999] .
[27] Picophytoplankton, especially cyanobacteria and prochlorophytes, form the characteristic community within oligotrophic subtropical gyres, where environmental forcing is relatively stable with high surface PAR and limited supply of nutrients to the euphotic zone [e.g., Longhurst, 2007] . The small-sized cells have higher surface to volume ratio than larger cells, which provides a better nutrient uptake capacity and, generally, an advantage over larger cells in nutrient-limited conditions [Raven, 1998 ]. Field observations typically report the dominance of picophytoplankton in subtropical waters in terms of biomass or cellular abundance [Chisholm, 1992; Partensky et al., 1999; Dandonneau et al., 2004; Ras et al., 2008] . Nevertheless, our results show that picophytoplankton play a substantial, but not dominant, role in primary production in these waters. This is consistent with observations of Li [1994] who reported a dominance in terms of cellular abundance, but lower carbon uptake rates, for small (pico-sized) cells compared to larger (nano-sized) cells, at several open ocean sites in the North Atlantic. Although picophytoplankton contribute 50-55% to total integrated Chl content [Uitz et al., 2006] , this class is characterized by relatively low photosynthetic efficiency , which likely results from a slow nutrientlimited growth [Falkowski et al., 1992; Marañon et al., 2000] . This explains the somewhat reduced contribution of picophytoplankton to total primary production.
[28] Previous studies revealed high biomass contribution of 19′-hexanoyloxyfucoxanthin (Hex) and 19′-butanoyloxyfucoxanthin containing organisms in oligotrophic subtropical regions [Claustre and Marty, 1995; Ras et al., 2008; Aiken et al., 2009] . These observations support the substantial contribution of prymnesiophytes (nanophytoplankton class) in these waters. Prymnesiophytes are recognized as a ubiquitous group often associated with transition zones between different environmental conditions [Ondrusek et al., 1991; Claustre et al., 1994; Jordan and Chamberlain, 1997] . The present results clearly emphasize they are able to sustain growth in a large variety of environments, ranging from stratified oligotrophic waters to harsh wintertime subantarctic conditions. Based on a combination of genetic tools and the pigment-based approach of Uitz et al. [2006] , Liu et al. [2009] related the persistent presence and pigment biomass dominance of prymnesiophytes to their extreme, rather unsuspected, biodiversity. The taxonomic and ecological diversity of prymnesiophytes, notably their mixotrophic character, likely explain the success of this group in the world's open oceans.
Annual Global and Regional Estimates
[29] The phytoplankton class-specific approach yields a value of 46 Gt C yr −1 for the annual total primary production within the world's oceans (Table 2 ). This falls within the range of previously published estimates (36.5-56 Gt C yr −1 ) The global ocean was divided into six ocean basins: Atlantic, Pacific, Indian, Arctic, the Southern Ocean, and the Mediterranean Sea. The northern boundary of the Southern Ocean is at the latitude of 50°S and the southern boundary of the Arctic zone is at 70°N. In addition, data are shown for two latitudinal bands of the global ocean: the intertropical and equatorial bands. The intertropical band is delimited by the latitudes of 23°N and 23°S and the equatorial band by the latitudes 10°N and 10°S. The reference surface area of the global ocean is 353 10 6 km 2 .
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based on satellite ocean color algorithms [Longhurst et al., 1995; Westberry et al., 2008] and biogeochemical models [Moore et al., 2002; Aumont et al., 2003] . In addition to mathematical formulations and input photophysiological parameters, which are specific to each model, the differences between the estimates may arise from several factors: (i) the Chl and PAR input data (selected years and satellite); (ii) the inclusion/exclusion of coastal or case-2 waters; and (iii) the integration depth. For example, integrating primary production within the euphotic layer instead of the productive layer (i.e., the layer 0-1.5Z eu ) would decrease our global estimate by 7%. Despite this, all estimates are constrained within a reasonable range, which lends confidence to our approach.
[30] A comparison of our climatological P tot estimates with those of provides a means of evaluating how the bio-optical model of Morel [1991] performs when run without phytoplankton class-specific information. utilized the Morel [1991] model with satellite-derived vertical profiles of Chl as given by Morel and Berthon [1989] and the photophysiological parameters from Morel et al. [1996] . As in the present study, the ratio of photosynthetically active pigments to the sum of photosynthetically active and degraded pigments (i.e., Chl + pheopigments) was considered to equal 1. The Chl surf data derived from the Coastal Zone Color Scanner (CZCS) were used as inputs and case-2 water pixels were excluded. The two model formulations, that is, with and without classspecific information, yield identical P tot estimates for the global ocean.
[31] We also estimated the annual primary production integrated for six ocean basins (Atlantic, Pacific, Indian, Arctic, the Southern Ocean, and the Mediterranean Sea), as well as for the equatorial and intertropical latitudinal zones (Table 2) . We compared our regional P tot estimates with those of . The contribution of the Atlantic, Pacific, and Indian basins to the global total primary production obtained from the two model formulations are in close agreement. However, we observe important differences when low and high latitude regions are considered separately. Our P tot estimate is lower than that of by about 15% and 20% for the equatorial and intertropical latitudinal zones, respectively. In contrast, our estimate is higher than that of by 50% in the Arctic Ocean. Our phytoplankton class-specific approach yields lower primary production rates at low latitudes due to the relatively low photosynthetic efficiency of small (pico-and nano-) phytoplankton which dominate the algal biomass. In the Arctic Ocean, primary production is mainly associated with microphytoplankton which are more efficient in photosynthesis than smaller cells. In addition, the differences observed between the results of the two model formulations arise from the photosynthesis dependence on temperature in the model, which causes an increase of primary production at low latitudes and a decrease at high latitudes.
[32] The global annual class-specific primary production amounts to 15 Gt C yr −1 (32% of the total), 20 Gt C yr −1 (44%), and 11 Gt C yr −1 (24%) for micro-, nano-, and picophytoplankton, respectively. Previous global estimates of primary production attributable to diatoms vary within a threefold range of 9-26 Gt C yr −1 , corresponding to 20-40% of total primary production [Tréguer et al., 1995; Moore et al., 2002; Aumont et al., 2003] . Falkowski and Raven [1997] proposed a lower limit of 10% for global primary production associated with picophytoplankton. Agawin et al. [2000] assessed that picophytoplankton production amounts to 19 Gt C yr −1 , or 39% of total primary production. Despite the diversity in the approaches used to generate these global estimates (e.g., biogeochemical models including several phytoplankton groups, budgets of biogeochemical elements), our estimates are close to the mean of reported values.
[33] With regards to regional estimates of class-specific production, the contribution of P nano varies within a quite restricted range from 34% in the Arctic to 50% in the Southern Ocean. The relative contributions of micro-and picophytoplankton show inverse regional distributions. Whereas the highest contribution of microphytoplankton is found in the Arctic (55%), the picophytoplankton contribution in that region is minimal (11%). In contrast, the lowest contribution of microphytoplankton is found in the South Pacific (26%), where the picophytoplankton contribution is maximum (28%). The contribution of microphytoplankton to total regional primary production reaches maximum values in the northern hemisphere basins with about 40% in the Atlantic and Indian Oceans, 55% in the Arctic, and 32% in the Pacific Ocean.
Microphytoplankton Production as a Biogeochemical Index
[34] Microphytoplankton, in particular diatoms, are generally recognized as a main contributor to new (nitratesupported) primary production [Goldman, 1993] . Based on this postulate, Claustre [1994] proposed the pigment index F p , as a measure of the relative contribution of microphytoplankton to the total phytoplankton biomass. Strong similarities between F p and the f-ratio (i.e., the ratio of new to total primary production; [Eppley and Peterson, 1979] ) were observed, so that F p can be used as a proxy for the f-ratio. By extending the pigment approach of Claustre [1994] , we propose the F prod index defined as the relative contribution of microphytoplankton to the total primary production (i.e., the P micro /P tot ratio).
[35] The F prod index is as high as 0.7-0.8 in coastal upwelling systems and 0.5-0.7 in the North Atlantic during the spring-summer bloom (Figures 2c and 3c) . Minimum values (0.1-0.2) are found in oligotrophic subtropical gyres and intermediate values (0.3) within mesotrophic areas such as the equatorial divergence. These estimates are consistent with f-ratio values reported in the literature for various trophic situations. For instance, coastal upwellings are typically characterized by f-ratio >0.5 [Eppley and Peterson, 1979; Kudela and Dugdale, 2000] , occasionally reaching 0.8 [Eppley and Peterson, 1979; Dugdale and Wilkerson, 1992] . Bury et al. [2001] measured values of 0.5 during a diatom bloom in the North Atlantic. In subtropical gyres, the f-ratio is usually in the range 0.05-0.15 [Eppley and Peterson, 1979; Dugdale and Wilkerson, 1992; Laws et al., 2000] .
[36] Similarities in the general distribution of the F prod index and f-ratio support the view that, on large spatial and time scales, diatoms play a dominant role in new primary production, which is subsequently available for carbon export to the deep ocean. These results highlight the potential of microphytoplankton-specific production estimate as a useful biogeochemical indicator.
[37] In addition, a review of several studies indicates that the export flux of carbon out of the euphotic zone ranges within 10-16 Gt C yr −1 , which would represent 20-40% of the total primary production [Tréguer et al., 2003] . These results are consistent with our global annual estimate of P micro (15 Gt C yr −1 , or 32%). Our results are also in qualitative agreement with the global climatology of carbon export proposed by Lutz et al. [2007] , showing maximum values at high northern latitudes, specifically in the North Atlantic, and in coastal upwelling systems.
Annual Cycle and Interannual Variability
[38] In this section we present the mean annual cycle and interannual variability of total and class-specific primary production for the global ocean and two different regions of particular interest, the equatorial Pacific upwelling and the temperate and subpolar North Atlantic. The equatorial Pacific region has received considerable attention due to its High Nutrient Low Chlorophyll (HNLC) nature and the fact that it is the most important oceanic source of CO 2 to the atmosphere [Takahashi et al., 2009] . In contrast, the North Atlantic Ocean represents a large CO 2 sink [Takahashi et al., 2009] , and supports one of the largest open ocean phytoplankton blooms observable from space [e.g., Yoder et al., 1993] . Here we examine the interannual variability by comparing the annual cycle of each year to the mean climatological (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) annual cycle. The percentage anomalies of total and class-specific primary production were calculated as a difference between each monthly value and the 10-year monthly mean, which was normalized to the 10-year monthly mean.
Global Ocean
[39] The mean annual cycle of total primary production shows two peaks of almost equal amplitude (about 0.4 g C m −2 d −1 ) in June and December, associated with the occurrence of a spring-summer bloom in each hemisphere (Figures 6a and 7a) . Total primary production is dominated by the contribution of nanophytoplankton (40-45%) all year long. The three phytoplankton classes exhibit two peaks in primary production. However, the maximum of P micro is mostly associated with the northern hemisphere bloom (July), while the maxima of P nano and P pico are mostly associated with the southern hemisphere bloom (DecemberJanuary).
[40] There is relatively little interannual variability in the annual cycle of total and class-specific primary production over the global ocean (Figure 7) , which is not surprising given the large extent of the averaging area. For example, P tot ranges between 0.35 g C d −1 (March 1998) and 0.41 g C d −1 (December 1998), and P tot anomalies between −3% and 2%. Nevertheless, we observe a different degree of variability among the different phytoplankton classes, from micro-(anomalies between −6% and 5%), to nano-(anomalies between −3% and 2%), and picophytoplankton (anomalies of ±1%). In contrast to the observations made on the global scale, the regional scale analysis reveals large year-to-year variations in total and class-specific primary production.
Equatorial Pacific Upwelling
[41] The equatorial Pacific upwelling system is characterized by the presence of a quasi-stationary upwelling driven by northeast and southeast trade winds. Upwelling of cool water through the shallow thermocline results in a large supply of nutrients to the surface layer, which supports higher Chl concentrations and primary production compared with surrounding waters [Chavez and Barber, 1987; Chavez et al., 1996] . As seen in Figures 6c-6d , total primary production shows moderate values (≈0.4 g C m −2 d −1 ) with a weak seasonal cycle. Two relatively low maxima are observed in March-April and August-September, which is likely related to weak changes in trade wind activity [Yoder and Kennelly, 2003] . Our climatological (1998 Our climatological ( -2007 mean is comparable to that reported by Chavez et al. [1990] (0.45 g C m −2 d −1 ), but about twice lower than more recent estimates [Chavez et al., 1996] . Although methodological issues have been raised to explain these discrepancies, some debate is still ongoing [Pennington et al., 2006] .
[42] Despite a constantly favorable light/nutrient regime, nitrate is never depleted and Chl biomass and primary production are relatively low considering the nutrient levels in the area [Barber and Chavez, 1991] . This HNLC character has been extensively discussed [Chisholm and Morel, 1991] , and appears to be primarily due to iron limitation [Barber and Chavez, 1991; Coale et al., 1996] and, to a lesser extent, to regulation by silicate [Dugdale and Wilkerson, 1998 ] and grazing [Smetacek, 1999] . These environmental conditions favor a phytoplankton community dominated by small cells [Chavez et al., 1990 [Chavez et al., , 1996 Moon van der Staay et al., 2000] , so that our microphytoplankton class actually refers to small (nano-sized) diatoms. Note that large diatoms have been observed on some occasions in the Pacific equatorial region and were associated with higher productivity [Chavez et al., 1996] . Figures 6c-6d show that nanophytoplankton are the main contributor to total primary production throughout all year (>45%), while picophytoplankton and diatoms contribute the remaining portion (25-30% each). Based on previous observations [Blanchot et al., 2001; Dandonneau et al., 2004] , our results may underestimate the contribution of picophytoplankton to primary production to the benefit of other groups. However, assuming that diatoms are responsible for new primary production, our estimate of the relative contribution of diatoms to total primary production (i.e., F prod index) is consistent with previously reported f-ratio values of about 0.3 [Chavez and Barber, 1987; Fiedler et al., 1991] .
[43] As shown in Figure 8 , total and class-specific primary production in the equatorial Pacific upwelling is subject to important year-to-year changes. This is primarily linked to variability in physical forcing in response to the periodic occurrence of El Niño and La Niña episodes [e.g., Chavez et al., 1996] . The most remarkable perturbation appears related to the strong 1997-1999 El Niño/La Niña event [McPhaden, 1999] . Total and diatom primary production shows high negative anomalies (−20% and −33%, respectively) in January 1998 due to the passage of El Niño. This event essentially causes a weakening (or a reversal) of the trade winds, which removes the driving force of the upwelling and deepens the thermocline. Surface waters become warm and nutrient-poor, typically leading to a decrease in Chl biomass and primary production. This perturbation is followed by a large increase in diatom production (+53%) in August 1998. This is associated with the subsequent development of a strong La Niña when the pattern is reversed and cold nutrient-rich waters are upwelled more strongly. Consistent with previous observations [Chavez et al., 1990; Strutton and Chavez, 2000] , diatoms appear to be the most responsive group to these changes with P micro anomalies ranging between −37% and 53%. The maximum range of variation was −21% to 13%, and −8% to 3% for nano-and picophytoplankton production, respectively.
[ [Sverdrup, 1953] . Deep winter mix- (Figures 6a, 6c , 6e, and 6g), and as a fraction of total primary production (%) for class-specific primary production (Figures 6b, 6d, 6f, and 6h) . Note the two different axes for absolute primary production rates (Figures 6a, 6c, 6e, and 6g) : the left axis is for class-specific primary production rates and the right axis for total primary production rates.
ing, driven by strong winds and associated heat loss from the surface ocean, replenishes nutrients and sets up the nutrient stock available to phytoplankton in spring [Koeve, 2001] . Phytoplankton growth is then limited by insufficient light exposure, and can only occur in spring when stratification maintains phytoplankton and nutrients within the sunlit layer of the ocean.
[46] At temperate latitudes (Figures 6e and 6f) , the mean annual cycle of P tot exhibits a prominent maximum in May (0.8 g C m −2 d −1 ). This seasonal bloom is typically dominated by large diatoms (P micro is 50% of P tot ) and nanophytoplankton (40%). In mid-summer as stratification increases, nutrients become depleted, the grazer community develops, and the production of diatoms declines in favor of Figure 7 . Time series (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) of total and phytoplankton class-specific primary production for the global ocean. Results are presented as (a, c, e, and g) primary production rates and (b, d, f, and h) relative anomalies calculated as the difference between the primary production value for a given month and the climatological mean value for that month, normalized to the climatological monthly mean (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) value. The black line represents the climatological mean.
nanophytoplankton [Lochte et al., 1993] , often coccolithophorids [Holligan et al., 1993; Iglesias-Rodriguez et al., 2002] . The contribution of nanophytoplankton to primary production remains substantial all year long (40-54%), while that of picophytoplankton ranges within 14-25%. A secondary production event (P tot of 0.4 g C m −2 d −1 ) may be observed in fall (September-October), mostly associated with a slight increase in the contribution of micro-and nanophytoplankton to primary production. At temperate latitudes, fall blooms often develop subsequently to nutricline shoaling driven by episodic mixing events [Dickey et al., 2001; Findlay et al., 2006] .
[47] The mean annual cycle at subpolar latitudes shows several differences as compared to that in temperate areas (Figures 6g and 6h) . The seasonal maximum of primary production is higher (P tot > 1 g C m −2 d −1 ) and associated with a larger contribution of diatoms (>50%). This maximum occurs one month later (in June) due to the delayed onset of stratification resulting from a reduced daylight period. Finally, the bloom period extends longer and does not display any fall event. [48] In addition to this annual pattern, primary production exhibits large interannual variations related to changes in the timing and magnitude of the bloom, especially at temperate latitudes ( Figure 9 ). For example, the 1999 annual cycle shows an early (February-March) increase in total primary production associated with larger contributions of small cells and microphytoplankton (P micro anomaly of +45%) as compared to the 10-year mean. The 2001 annual cycle is characterized by an intense spring-summer bloom with an increase in diatom production (P micro anomaly of +22%). The bloom period extends longer compared to the bloom period of the mean annual cycle. Also, in 2001 no fall event is observed. In 2006, the bloom peaks early in April, then exhibits low values and further declines rapidly throughout summer. Again, nanoflagellates and prokaryotes show less temporal changes than diatoms.
[49] Subpolar latitudes exhibit the same type of variability as temperate latitudes (i.e., changes in timing and magnitude of the bloom; Figure 10 ). However, the mean annual pattern is more persistent and the range of variations in total and class-specific primary production is somewhat narrower. For example, anomalies range between −15% and +21% for P tot , and −30% and +38% for P micro (compared to −14% and +30% for P tot , and −26% and +52% for P micro at temperate latitudes).
[50] Several studies were dedicated to analyzing satellite Chl surf data within the context of mechanisms responsible for the temporal variability in timing and magnitude of the North Atlantic bloom [e.g., Follows and Dutkiewicz, 2002; Stramska, 2005] . This variability results primarily from interannual changes in the physical forcing of the bloom, mainly winter mixing and preconditioning, and spring stratification onset [Follows and Dutkiewicz, 2002; Waniek, 2003; Henson et al., 2006] . Depending on season and latitude, intermittent wind mixing events may favor (via nutrient supply) or inhibit (via light limitation) phytoplankton growth, thus perturbing the "usual" development of the bloom. Biotic factors, such as grazing, also come into play and control the intensity and termination of the bloom [Siegel et al., 2002; Henson et al., 2006] .
Phytoplankton Class-Specific Variability
[51] Our analysis indicates that microphytoplankton are associated with the largest range of variability of the three phytoplankton classes, both on seasonal (Figures 2-5) and interannual (Figures 7-10 ) time scales. The time and space variability of microphytoplankton (diatoms) production is largely explained by the opportunistic nature of diatoms, which are the most responsive to sporadic changes in abiotic factors (nutrient inputs; [Fogg, 1991] ), and are also sensitive to biotic factors (grazing). Conversely, smaller cells are favored by more constant environmental conditions. This pattern applies over the full trophic range encountered in the open ocean. It is not only observed in temperate and subpolar latitude environments but also in more stable oligotrophic systems, where erosion of the nutricline and subsequent injection of nutrients to the euphotic zone occurs via vertical mixing [Riser and Johnson, 2008] or deepening of the euphotic depth [Letelier et al., 2004] . On an interannual time scale, modifications in environmental conditions influence the composition of the phytoplankton community and associated primary production, especially diatom production. Because diatoms are recognized as the main drivers of new production and carbon export, such interannual changes are likely to have profound consequences in terms of biogeochemical carbon cycling. This points to the importance of resolving changes in phytoplankton community composition when interpreting time series of biomass or primary production.
Conclusions
[52] The present study utilizes the 10-year time series of SeaWiFS ocean color data to estimate total and phytoplankton class-specific primary production within the world's open oceans during the past decade. Our approach is unique in that it enables deriving depth-resolved fields of primary production associated with three major phytoplankton size classes or taxonomic groups. This approach accounts for the dependence of primary production on community composition, vertical distribution of Chl biomass, photophysiology, and irradiance within the water column. In that sense, it offers a compromise and an alternative to traditional Chl-based [e.g., Longhurst et al., 1995; Behrenfeld and Falkowski, 1997b] and new carbon-based models [Behrenfeld et al., 2005; Westberry et al., 2008] . In addition, our approach can complement the surface data derived from algorithms for discriminating phytoplankton groups from space [Alvain et al., 2005; Hirata et al., 2008] by providing quantitative information within the entire upper water column (i.e., 0-1.5Z eu ).
[53] Assessing climatology and interannual changes in primary production associated with three major phytoplankton classes within the global ocean represents a significant contribution to our ability to understand and quantify carbon cycling in the upper ocean. For example, global estimates of phytoplankton class-specific primary production rates are key parameters required to parameterize and validate global biogeochemical models that explicitly incorporate diverse phytoplankton groups [Le Quéré et al., 2005; Hood et al., 2006] . These estimates also provide a benchmark for monitoring the response of pelagic ecosystems to climate change in terms of changes in biodiversity of phytoplankton communities and associated carbon fluxes.
This has important implications for understanding feedbacks between biogeochemical cycles and climate changes.
[54] One important question that deserves attention in future studies is a thorough analysis of year-to-year variations in class-specific primary production in relation to environmental changes. To pursue this task, the primary production time series would have to be examined simultaneously with changes in forcing factors such as light, mixed layer depth, temperature, or nutrient availability. This type of analyses cannot be done using conventional monthly climatology of oceanographic data. It would greatly benefit from a synergistic coupling with data collected by Argotype autonomous bio-optical profiling floats. These floats allow simultaneous monitoring of physical and biological properties within the ocean interior over broad areas and long time periods [e.g., Johnson et al., 2009] . As demonstrated in several studies, such data provide invaluable information to validate and complement surface satellitederived biogeochemical products within the ocean interior and areas obscured by clouds [Bishop et al., 2002; Boss et al., 2008; Riser and Johnson, 2008] .
